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ABSTRACT 


Directional solidification of Bi— .5,2,8, 12, 13,15, 30 
and 35 wt % Mn alloys have been performed. Alloys were first 
induction melted for making ingots and then directionally 
solidified by using Stockbarger method. The cast and 
directionally solidified microstructures have been recorded. 

In the Bi— Mn alloy the micros true cure contains flakes of BiHn 
(HiC.P.) phase, embedded m the matrix of Bi (Rhombohedral) 
belox/ 21 wt % Mn, and embedded m the matrix of Mn (B.C.C.). 
The Bi-Mn alloys exhibit ferromagnetic properties although 
the constituent elements Bi and Mn are non-magnetic m nature. 
The directionally solidified alloys show anisotropic magnetic 
properties with respect to the direction of solidification. 
Seme magnetic properties of these alloys were measured and 
compared to those of commercially used permanent magnets. 



CHAPTER 1 
INTRODUCTIo n 

During the solidification of an alloy of eutectic 
compos? tion, solidification gets initiated at the mold walls 
and the resulting microstructure consists of small packets of 
eutectic structure randomly oriented with respect to one another* 
However if solidification is controlled and made to occur m 
one direction, then the microstructure will consist of these 
same packets of eutectic structure i*e. phase particles oriented 
parallel to one another and aligned along the direction of neat 
extraction. Such unidirectional solidification can he obtained 
by slowly withdrawing a furnace from a stationary molten charge 
cnilled at one end by a copper block. This creates a substantially 
uniaxial heat flow and a planar solid— liquid interface normal to 
the direction of furnace movement. This specialized method of 
casting, mentioned above, is known as "Directional solidification", 
which makes superior alloys with anisotropic properties. 

Two dominant micromorphologies have been produced 
using this above technique: 

(i) Thau of substantially parallel alternating lamellae of 
each phase and 

(ii) Globules or long parallel rods of one phase embedded m 
a continuous matrix of the other phase. 
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A desired columnar structure can be produced by 
maintaining sufficiently high thermal gradient ahead of tne 
solid— liquid interface, together with a high growtn race, and 
extracting the heat unidirectional ly from the melt. Increasing 
tne growth race produces increasingly finer microstructures and 
thereby improves the mecnanical and physical properties. 

In directionally solidified alloys the grain boundaries 

are oriented predominantly parallel to the direction of 

solidification. Such alloys have reduced tendency for 

mtercrystallme fracture along grain boundaries at high 

temperatures arising from excessive creep, creep rupture and 

such 

thermal fatigue. Fracture 1 m/alloys is found to take place by 
shear failure of the columnar gram structure or due to fracture 
of the aligned rods of the second phase. 

Following are the attractive properties of directionally 
2 

solidified structures : 

(a) Permanent magnets with oriented structures 

(b) High strength 

(c) Superior thermal shock properties 

(d) Longer cyclic strain life 

(e) Longer creep life 

(f) Better intermediate temperature ductility 

(g) Oxidation and hot corrosion resistance 
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o 

The above properties result from : 

(i) Improved distribution of second phase particles 
(ii) Preferred crystallographic texture 
(in) Reduced microporosity 

(iv) The distribution of microsegregation m tne columnar 
grain material is more uniform cnan tnat m the 
conventionally solidified material* 

From the above points, it is clear that directionally 

solidified products are relatively free from casting defects. 

are 

The disadvantages^!) higher cost, (n) difficult processing 

4 

methods, and (ni) higher creep rates at intermediate temperatures , 

The directionally solidified alloys are used in at 
least 3 different areas: 

(a) For many room temperature applications requiring improved 
properties particularly resistance to fracture, where the 
ingots could be worked subsequent to directional solidification, 

(b) In production of high tempcracure turbine blades, 

(c) To produce hard magnetic materials, where directional 
magnetic properties are desired. 

Among the processing techniques, the well establisned 
power down process is now being replaced by high rate solidificatior 

5 

technique , This method offers higher temperature gradients, 
increased solidification rates, and greater operational simplicity. 
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Unidirectional heat transfer can also oe accomplished by other 
specialized methods of liquid metal cooling, discussed later. 

Producing directionally solidified microstructures 
m the binary Bi-Mn system is reported here. The Bi-Mn alloys 
are xnown to display interesting ferromagnetic properties though 
both Bi (rhombohedral) and Mn (B.C.C,) are non-magnetic. In these 
alloys this property is supposed to be arising due to the 
ferromagnetic BiMn (H.C.P.) phase 6 . In a binary alloy the 
dispersion and distribution of the BiMn phase can be effectively 
controlled by directional solidification to produce ingots uitn 
different magnetic properties parallel to tine longitudinal and 
transverse directions of solidification. These alloys are known 

6 

to be used as permanent magnets and memory materials m conrputers , 

This work has been undertaken m continuation of an 

7 

earlier work on uni dir ectional solidification of Bi-Mn system 
as an extensive new area development m the Department of 
Metallurgy of I.I,T* Kanpur, 



Rsvrri of litdratupf 

2.1 Cond itions f or Directional Sol idi fi cation : 

There are 2 rules thac muse he followed to prevent 
equiaxed grain nucleation m the liquid, Tne nelt temperature 
must be maintained above tne liquidus and effective nucleating 
substrates must be removed from the melt. 

Directional solidification of multicomponent eutectics 

is satisfactorily accomplished by maintaining a planar growtn 

5 

front and by fulfilling the following conditions at the solid- 
liquid interface: 

(a) Unidirectional heat transfer from tne melt, 

(b) No nucleation ahead of the interface, 

G 

(c) L _ where G_ is the temperature gradient m die 

~R L 

liquid at the solidifying interface and R is the 
solidification rate, 

(d) No convection current within the melt and no thermal 
fluctuations at the interface, 

2.2 Unidirection al Heat Flow : 

Unidirectional solidification is such that most heat 
flows unidirecti onally tnrough one plane i.e, the bottom chill 
face via conduction. Therefore, 
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(a) Tne cm 11 must have high thermal conductivity to conduct 
tne sensible heat out of the system. Tms may be ennanced 
by wacer cooling* 

(b) The surface of chill must be cleaned before each casting 
run/ so that resistance to hear flow by oxide layers is 
minimized. 

(c) Mold (i.e. crucible) snould be securely clamped to the 
chill plate. 

There may also be other types of neat transfer. 
Convective heat transfer for example may result m stmations 
interrupting the continuity of the columnar grains from directional 
solidification and thus weakening the structure. Convection 
arises'’ due to tnermal and concentration gradients together with 
gravitational forces. 

Thus, for good directional solidification/ a 
perpendicular arrangement of crucible containing the melt/ with 
a continuously rising temperature to the top of the crucible is 
a necessary requirement. 

Convection currents may also be ]cept to a minimum/ 
by not resorting to induction methods of seating. 

In radiative type of heat transfer/ the factors 

affecting the rate of cooling are the initial temperature and 

3 

size of the grains . other physical conditions such as 
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emissivity of the alloys etc, are fixed parameters. In fact only 
a small part of the heat is lost by radiation, 

2,3 Characteristics of S— L( Solid-Liquid) Interface and 
Solidif i cation : __ __ _ 

The morphology of a S-L interface results from 

s 

interaction between certain phase— diagram characteristics and the 
freezing parameters/ these are the freezing rate V, the temperature 
gradient in the liquid at the interface G, the diffusion co- 
efficient of solute m the liquid D # and the freezing range (F.R.) 
of the alloy in question. This interaction has the form 
(G/V - F.R./D) 9 . 

When 

(a) — ~ O - Smooth S-L interface except grooves 

out the intersection of grain 
boundaries and interfacxal plane, 
which is termed plane front grov/th, 

(b) ^ 0 - Depression (called node) forms at 

the S-L interface where solute 
seggregates, 

(c) — . JagS - t =o - No change m S— L interface structure. 

The interface can broadly be defined as the boundary 
between the liquid and the solid. It is normally described as 
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‘smooth* when the boundary is discrete and ‘rough* when the 
transition extends over a number of atomic layers. 

The groirth rate of a crystal depends on the difference 
between the rate at which atoms add themselves to the interface 
and the rate at which they leave the interface. The interface 

advance can be attributed essentially to the tiro principal forms 

10 

of interfaces which are 

(a) Atomically rough and non-crystallographic m character and 

(b) Smooth and crystal lographically faceted. 

Thermal gradient and growth rate must be controlled 

to maintain a stable plane front interface, and fluctuations 

in growth rate lead to compositional (as well as structural) 

variations along the growth direction. In polyphase alloys, 

complication arises from the fact that solute must diffuse 

transverse to the growing interface as well as m the growth 

direction* Some metals show preferred orientation under directional 

3 

solidification conditions, e*g., for cubic metals the most 
f avourd^ le direction of growth is always ^ 100 , 

Eutectic alloys generally snow a relationship between 
undercooling ( A T, ) growth rate (R) and mterlamellar spacing ( ) 

3 

which is given by : 

AT = A R>v+-£— (1) 

A 
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where A and B are constants depending on a particular alloy 
system. Maximization of equation (1) ^ =3 AT _ gives: 

2 B 

R = — = constant (2) 

which is found to be true m many euteccic systems, 

that 

Under the assumption A convection/ lateral composition 
gradients etc. are negligible for plane front solidification* the 
solid-liquid interface is stable when, 

3 

(1) For single phase alloys : 


G L _ ra L C 0 (1 - K) 

R C* K D r 

Lt 

and 

3 

(2) For a two phase eutectic alloy': 


(3) 




<V c o> 



(4) 


where 


G_ = temperature gradient in the liquid at the liquid— 

Ll 

solid interface 
R - solidification rate 

= slope of the liquidus line 
0^ — average ccmposition of the alloy 
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IC = equilibrium partition coefficient i.e. 

K = solute concentration m the solid at temperature T 

solute concentration in the liquid at tne same temperat 



= diffusion coefficient of solute m tne liquid 
C_ = eutectic composition 



CHAPTER 3 


DIRECTIONAL SO LIDIFI CATION ME THODS 

9 

There are several techniques for controlling heat 
transfer to provide unidirectional solidification, 

(1) The mold is suitably Insulated so that after the molten metal 
is cast; most heat flow takes place tnrough some bottom chill face. 
Since liquid suoerheat is rapidly lost via conduction to the dull 
face, it must be replenished as growtn continues, and external 
heat is added to the system through it's sides from the 
cxb"thcrraic compound comprising the mold. This method is the 
simplest and cheapest of all practical techniques for ensuring 
predominantly umndirectional heat flow. 

It is essential that the mold be In a vertical position 
so that S/L interface advances m a predominantly horizontal plane, 
which reduces the convective fluid motion and radial heat transfer 
usually associated with a vertical S/L interface. As the melt 
superheat gradually dissipates, the temperature gradient m the 
liquid gradually decreases until nucleation takes place and 
columner growth ceases. 

A major problem with this casting method is that 
both solidification rate and temperature gradient decrease with 
distance from the chill. Thus mechanical properties may get 
degraded due to cell or dendrite formation. 



12 


( - ) Contro 1 lx ng Heat T ransfer Rate by a n Fxce rnal Po' zer Source : 

9 

There are several methods by waxen controlled coluraner 
growth can be obtained. 

c: 

(a) "Power doxzn" growuh control mecnod m which heat transfer 
rate is controlled by gradually lowering tne po T zer m tne furnace 
that surrounds a fixed mold. For nigh me Icing alloys, this 
method is generally adopted. 

In the power down technique, an open ended mold is 
attached to a water cooled copper chill, and placed in a two 
zone induction coil, coupled by a grapnite susceptor for heating. 
The superheated alloy is poured to the hot mold with the 
induction coils energized aoove the melting point of the alloy 
and with an establisned temperature profile along the axis. 

Tne bottom coil is turned off after holding the alloy 
for some time for purposes of equilibnation and the directional 
solidification is allowed to proceed m the social temperature 
gradient* Since tne solid- liquid interface moves away from the 
chill surface, solidification rate decreases, witn structural 
variations at the top of the ingot. 

(b) "High rate solidification" method"* (Generally adopted for 
high melting alloys) m which heat transfer rate is controlled by 
withdrawing the mold and maintaining the power source m a fixed 
position* 
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The high rate solidification is essentially an 
improvement on the power down method permitting efficient 
directional heat transfer. Here t.ie crucible attached as before 
is withdrawn from a single zone induction heating tirough a 
radiation baffle, which helps to maintain a uniform temperature 
within the heated zone by preventing any radiation losses. This 
method is 3<cnown to produce a much more refined micros true cure. 

(c) (i) The "modified Stockbarger 9 method" (for low melting alloys, 
tnis method is separately discussed m Chapter 4) m which heat 
transfer rate is controlled by moving the heat source (furnace), 
keeping the mold (crucible) m a fixed position. Tins method can 
almost totally eliminate the variable scruccure disadvantage of 
the "power down" technique. Tins technique has the advantage that 
the thermal environment during freezing remains nearly constant 
throughout a large portion of freezing cycle. Columner castings 
can be solidified almost four times faster with tins metnod than 
with the power down tecnmque. 

( 11 ) "By moving the heat source, keepomg the mold m a fixed 
position" - based on tins above mentioned same principle, a new 
method 9 of structure control has been developed xrtnen involves 
a stationary mold and a small movable zone heating source. The 
mold may be rotated during freezing to inhibit natural convection 
and thus heat transfer from the melt to the solid is decreased. 
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Tlic temperature gradient m the melt remains positive for a 
significantly longer time than m a conventional static casting* 
The consequent result is that tne rate of crystal nucleation 
is decreased and castings can be grown witn a mucn larger 
proportion of columner growth. 

(3) "Liquid metal cooling "Technique^ : Generally adopted for 
high melting alloys* 

In this method a lox; melting liquid metal with low 
vapour pressure is used as a heat sink m the liquid scate. 

This metnod provides a nearly axial heat f lox/ pattern for 
solidification* 



CHAPTER^ _4 

EXP ERIMENTAL ICTH ODS F OR ALLOY S UIg CR INVE S TIGATION 

Sraall ingots ('Weighing about 60 gras) of different 
compositions were prepared by vacuum induction melting,, (Pig. 4-1) 
by using shots of Bi (99.99%) and finsly ground Mn (99.99%); 

Each alloy was induction melted at— least twice using a soaking 
period of one hour at about 1000°c to ensure Homogeneity of 
composition. The composition of the alloys changed considerably 
during melting due to sublimation of the constituent elements. 

The stated compositions were finally obtained from gravimetric 
analysis performed on as cast ingots. From each alloy cast, 
samples were taken for rmcrostructural examination and magnetic 
property measurements . 

The remaining portion of ingot was ground and remelted 
m tne experimental set up for directional solidification under 
inert argon atmosphere. Before directional solidification, tne 
alloy is soaked for a period of about 2 hours at a temperature 
of 900° C, to avoid any Mn segregation. Directional solidificacion 
was performed according to the Stockbarger metnod (Fig. 4— 2). 

This Stockbarger method (Fig. 4-2) essentially consists 
of an assembly of two furnaces F(I) and F(II) witn a baffle plate 
between the two furnaces. These two furnaces are normally 
maintained at two different temperatures, with F(I) above tne 
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Schematic representation of induction melting 
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melting point and F(II) below the molting point of the alloy. 

The baffle plate facilitating to croate a sharp temperature 
gradient between the two furnaces. 

Tne whole crucible and chill assembly is enclosed 
m a quartz tuoe / through which argon (Ar) is flushed 
continuously till solidification is complete . After the required 
temperature gradient is established (Fig. 4-3 ) t the furnace 
assembly is moved upwards leaving crucible-cmll assembly 
stationary and till the crucible containing the alloy reaches 
the temperature zone maintained below the melting point of alloy. 
In the experiment performed/ the rate of upward motion of the 
furnace was 8 cm/hour » In this apparatus the crucible assemoly 
is decoupled from the mam drive system/ malung it free from all 
vibrations. The rate of solidification would be equal to tne 
rate of motion of the furnace assembly. 


The directionally solidified small ingots are 
sectioned transverse and parallel to the growth direction for 
micros tructural examination. The micros tructurcs are shown m 
Chapter 5. From each of directionally solidified alloys / sample 
is prepared for magnetic measurements the value of whicn is 
recorded in Chapter 5. 


Magnetic property measurements were made on specimens 






T t 23C 400 600 800 T L 1000 

“'"empigrr ♦ u r e ; °C 


Approximate temperature profile within 
the Stockbarger apparatus o 

T l temperature of the liquid = 900 C 
T r temperature of the chill = 25 °C 
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of very small dimensions (*~5 m.m* m each sjde)* which were 
prepared from as cast and directionally solidified ingots* m a 
vi orating sample magnetometer (model 155* Princeron Applied 
ReSQ-SCCiX Corporation* U.S.A* ) (Eig » 4r*4) *. Magpetic measurements 
for- -directionally solidified alloys were done along the axis 
of solidification and perpendicular to the axis of solidification. 
Magnetic measurements for cast alloys were done along any 
direction because flakes of ferromagnetic BiMn are oriented 
randomly in as cast samples. In the directionally solidified 
alloys these flakes are predominantly oriented parallel to the 
direction of solidification* thus giving rise to anisotropic 
magnetic properties. 

12 

The vibrating sample magnetometer is an induction 
instrument in which tne output voltage is sinusoidal. The 
sample is vibrated m a uniform magnetic field m a periodic 
motion relative to a pickup coil* and the changing flux tnrough 
the coil generates a voltage which is proportional to the 
sample magnetic moment. Sample is vibrated with tne help of a 
loudspeaker or an electric motor. 

The voltage m the pickup coils from the vibrating 
sample may be compared to a reference voltage from a permanent 
magnet or a feedback coil fixed on the sample rod. When a feed 
back coil is used* the current in this coil can be so adjusted 
to give a signal m the reference coils which will just balance 
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out the signal m the pickup or sample coils. Thus, a null 
measurement system is used. If this is done by an automatic 
feed back loop (such as tne Princeton Applied Research Instrument) 
then che current m the feed bade coil is always proportional to 
the sample magnetic moment and this current can be recorded* 

The following magnetic properties are considered 

(Fig. 4-5) : 

Saturation Magnetisation (Mg) 

Remanent Magnetisation (M r ) and 
Coercivity ( H ) 

Me, for samples are measured m unit of e.m.u./gm. 

s 

To convert e*m.u./gm. into unit of K* Gauss, the following relation 
is used* * *■ 

(Measured value of M g m e .m.u./gm. ) sanrole x (density ) sam p le x •° 122 
tliG result o£ this above ca.lcula.ti on will Qfive tne value o£ Mg m 

unit of SUGauss + 

M -3 

From M c and H, susceptibility (I<) defined as /jS_j and 
S * H 

permeability fi* K are. related as follows: 

JU » l + 4 7\K 
I< and yt/are calculated. 

The results are tabulated m Table I. Some properties 
of these alloys are compared with a few standard commercially 
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used ferromagnetic materials in Table n. 


* Note: This magnetometer 1ms some limitations, i.e. it 
records a full B-H loop only for materials which are very 
strongly fereomagnetic, Since the alloys under investigation 
do not fully fit into this category of highly ferromagnetic 
materials, so only Mg, and H^, are recorded separately for each 
sample » 





CHAPTER 5 


RESULTS AND DISCUSSIONS 





As cast structure of BA-15 wt% Mn alloy 
BiMn f lakes arc randomly oriented In the 
Bi-matrix 






« ssf ISSSfpSSSTtfS^ £« SSe. 

(b) Transverse se cti on~r e ve aling cross-section 
BiHn flakes. 

Magnification x 50 





Figure 5.3. Directionally solidified Bi-35 \7t% fin alloy. 

(a) Longitudinal section-showing onentauion of 
BiMn flakes parallel to the heat flow direction 

(b) Transverse section— revealing cross section or 
BiMn flakes 


Magnification x 50 
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S ample Calc ul at ion 


TjGt us take the composition Bi~0.5 wt% lin m as cost condition* 
Hence, 4 M s = 0.51 e.m.u./gm. 


or H- 


_ 0.51 


e.m.u./gm. 


— * 

3 

Density of this sample = 9.788* gm/cm 

Since the apolied field H is m unit of ICOe., so unit of M g has 
to be changed from e.m.u./gm. unit to K. Gauss. to get the 
dimensionless value of IC and JJL . 

The conversion factor for the magnetometer used here 
in which Ni has been used as a standard sample for calibration 


►G* (of sample) = (e.m.u./gm.) Saniple 3c(densitY) saraple x .012: 


The value of M c in K#Gauss uni c will be 

M = X 9.788 x .0122) K. Gauss 

U S v 4 


„ M S _ .511:9 .788^0122 


Therefore / susecptibility / K - -~ H *“ - 4 7^ x" T675 


= 0,0004617 
(VH - 10.5 ICOe) 


Permeability ^ ^ =» 1 + 4 7\K 

= 21 j&IZZ x 4 7- 

4 A> 10.5 

= 1.0057994 


3 

to 8.9705 gm./cm in the 
\rt% Mn in the Bi-Hn alloys* 


Note : 

/ 3 

Density varies from 9.788 gm./cm 
from 0.5 \rt% Mn to 35 


composition range 
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T ABLE I 

SOME riAGNETIC PROPERTIES OF THE DIRECTIONALLY 
SOLIDIFIED A 'JD AS CAST Bl-IIn ALLOTS 




SI. j 
No. * 

i 

i 

L 

i 

CoirtpOSl- J 
tion j 

1 

Condition • 

1 

1 

1 

» 

l 

4^ M s at 

10.5Koe 

emu/gm 

1 

2 

3 

4 

1 

Bi-0.5 

x/t%Mn 

As cast 

0.51 

2 

-do- 

D.S . 

longitu- 

dinal 

0.49 

3 

~clo~ 

D.S. 

Transverse 

0.48 

4 

B±-2 \it% 
Mn 

As cast 

3.74 

5 

-do- 

D.S. 

longitu- 

dinal 

1.00 

6 

-do- 

D.S. 

Transverse 

0.61 

7 

B±-Q wt% 
Mn 

As cast 

10.7 

8 

-do- 

D.S. 10*9 

longitudinal 

9 

-do— 

D.S. 

Transverse 

8.4 

10 

Bi-12 wt% As cast 

Mn 

15.5 

11 


D.S. 14*2 

longitudinal 

12 

—do* 

D.S. I 6 * 2 

Transverse 


10.5 


j 4 ^r j H C 
| emu/gm « oe 


K 


f 
t 

ja*c 
* Koe 

i 


/^'max 

8 


0.045 

50 

0.075 

50 

0.03 

50 

0.85 

750 

0.83 

5800 

0.11 

520 

0.51 

140 

0.67 

100 

0.4 

80 

0.72 

50 

0.80 

50 

0.64 

50 


0.0004617 

0.0004441 

0.0004345 

0.0033738 

0.0009021 

0.0005502 

0.009513 

0.0096908 

0.0074681 

0.0136454 

0.0125009 

0.0142616 


1.0057994 

1.005578 

1.0054582 

1.042376 

1.0113304 

1.0069115 

1.1194833 

1.1217166 

1.0938 

1.1713857 

1.1570114 

1.1791257 


32 


Taolc I (Contd...) 


1 

2 

3 4 

5 

6 

7 

8 

13. 

m-13 vt% 
Mn 

As Cast 16.1 

1.14 

110 

0.0141355 

1.1775428 

14 

-do- 

D.S . 15.4 

Longitudinal 

0.75 

110 

0.0135213 

1.1698285 

15 

— c3.o*» 

D.S. 19.8 

Transverse 

1.1 

100 

0.0173839 

1.2183428 

16 

Dl— 15 wt/6 
Mn 

As cast 17.2 

1.24 

100 

0.0150265 

1.1887333 

17 


D.S. 15.3 

Longitudinal 

1.165 

180 

0.0133666 

1.1678857 

18 

-do- 

D.S. 13.1 

Transverse 

0.9 

160 

0.0114444 

1.1437428 

19 

Bi-30 wt% As cast 17.3 

Mn 

0.725 

100 

0.014546 

1.182698 

20 

-do- 

D.S. 15.0 

longitudinal 

0.965 

120 

0,0126122 

1.1584095 

21 

-do- 

D.S. 12.4 

Transverse 

0.68 

110 

0.0104261 

1.1309523 

22 

Bi-35 wt% As cast 17.5 

Mn 

1.21 

120 

0.0145222 

1.1824 

23 

-do- 

D.S . 13*0 

longitudinal 

1.155 

200 

0.0107901 

1.1355238 

24 

-do- 

D.S. H.8 

Transverse 

0.81 

180 

0.0097922 

1.1229904 


D.S 


Directionally Solidified. 
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TABES _II 

A CQMPARISI01I Or MAGNETIC PROPCRTIBS OF Bi-2\rt%Mn ALLOY 
WITH SOIE COMIERCIAL PERMANENT MAGNETS 


Si. NO. 

Marne of the alloy 

H C 

M 

r 



Oe 

(Gauss) 

1 

Bi~2vrt:?o I4n 

D.S, longitudinal 

5800 

500 

2 

Co O.Fo^O^ 

Cobolt ferrite 

400-600 

3000-5000 

3 

Almco-5 

600 

12,500 

4 

Carbon steel 

0.9C, 1.0 wt/o Mn 

50 

10,000 

5 

MnBi 

21 wt% Mn+79 wt% Bi 

3,650 


D.S. 

= Directionally Solidified 
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Microstructures of directionally solidified Bi— Mn 
binary alloys aro shown m (Figure 5—1 to 5—3) » Tnese figures 
show that DIME, flais.es are embedded m Bi — matrix or Mn— matrix 
parallel to the solidification direction. A unary phase diagram”^ 
of Bi-Mn is shown m (Figure 5-6). There is ver, litcle solid 
solubility between Mn and Bi. The mtemetallic compound BiMn. 
foasns through a pontectic reaction at 446 °C as follows: 

Liquid (Bi rich)+ Mn ( solid )-* 3iMn 

There is also a eutectic reaction at 264°C and 0.5 xrt% Mn 
composition. 

Liquid -^Bi (Solid) BiMn 

and at 21 ~tb Mn, the scructure is fully composed of BiMn phase. 

The crystal structure of BiMfc. is hexagonal, m wnich 

Bi atoms occupy hexagonal closed pacjc positions and Mn atoms are 

ari angod in octahedral holes parallel to the hexagonal axis m 

linear chains. The BiMn phase is ferromagnetic although uhe 

constituent elements 3i and Mn are non— magnetic i.e. diamagnetic 

and paramagnetic respectively. According to Betne-Slater after 

alloying Mn and Bi, a long-range ordering sets m, m which tne 

Mn-Mn interatomic distance becomes large enough for the exchange 

6 

interaction to become positive (ngure 5-7) . 


Ferromagne ti sm 
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results only when the exchange interaction is positive mith the 
electron spins of the neighbouring atoms parallel, it has oeen 
experimentally shown that t le manganese a corns are fartner apart 
in tins alloy than m pure manganese, giving rise to a possicive 
exchange interaction. 

The increase m coercivitg m directionally solidified 
alloys m comparison to as cast struc-cures is due to tne 
alignment of BiMn flakes parallel to the direction of solidification 
(Fig. 5—2 and 5-3) lying in the basal plane of nex agonal crystal 
of BiMn. Duo to anisotropy m BiMn crystal, the coercivity is 
low in the transverse direction (C-axis of BiMn crystal) . 

The coercivity reaches a maximum (5800 oers) 

7 

comparable to hard magnetic material at 2 wc% an , making this 

composition suitable to be used m memory devices. In coercivity 

(Fig. 5-5) 

vs composition of alloy curve/ only one peak at 2 wt/° Mn 

(except for 21 wt% Mn which is fully ferxjomagnetic), 
composition is achieved whereas for other compositions/ coercivity 

decreases sharply and remains more or less constant (varies from 

50 oers to 200 oers) (Table 1). 

All alloys having composition of Bi-0.5 -rt% Mn to 
B1 - 12 wt % Mn exhibit good linear relationship (fig. 5-4) 
between saturation magnetisation (Mg) end the weig.it percent of 
the added element (Mn) m the Bi-Mn alloy. For cast alloys, 
saturation magnetisation (M g ) remains constant for increasing 
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Wt 'o I a! f 1 oni 13 vt % Lo 35 uL% Mn. For directionally solidified 

a-lloys 

(tX'ii v i .section]/, saturation magnetisation (II ) snows apeak 

O 

at 13 ul ,i Hn compos i tion and chon for 15 wt % hn composition 

M suddenly decreases and tien for iiglier \rt% hn (upto 35 irt %) 

thojo is i i n ini and slight decrease of M value. For directionally 

s 

solidj I Loci (longicudmal section) alloys, cuere is a gradual and 
slJqnt d' * i .,< ■> of M value for composition from Bi - 13 wt % hn 

O 

to 35 wt % Un (fig - 5-4). 



Liquid ♦ BiMn 


35b C Maqnetic transformation 

n.\A~ -I / n O/Tl 


^'340°c 
'84 C 
BiMn + Mn 


Bi + BiMn BiMn -A BiMn * Mn j 

L L i i- ii — I L- -J 1 

o 4 8 12 16 20 24 28 32 36 

Wt °/ 0 Mn 


Phase diagram of the Bi-Mn 



Exchange 'n T egrat 





Mg 5 7 


Bethe - Slater curve (schematic) 


41 


SUM 1 IARY 

Directionally solidified Bi— lln alloys enlubi c 
anisotropic magnetic properties- higher coercivity along the 
axis of solidification and lower coercivity transverse to tne 
axis of solidification. Seme of the magnetic properties libe 
saturation magnetisation (M c )/ remanent magnetisation (11 ) and 
coercivity (II C ) were measured from which susceptibility (K) and 
permeability ( yfcO is calculated (Table 1). 
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